The pulmonary oxygen uptake (pVO 2 ) kinetic response at the onset of exercise provides a noninvasive window into the metabolic activity of the muscle and a valuable means of increasing our understanding of developmental muscle metabolism. However, to date only limited research has been devoted to investigating the pVO 2 kinetic response during exercise in children and adolescents. From the rigorous studies that have been conducted, both age-and sex-related differences have been identified. Specifically, children display a faster exponential rise in the phase II pVO 2 kinetics, which are purported to reflect the rise in muscle O 2 consumption, during moderate, heavy and very heavy intensity exercise compared with adults. Furthermore, for heavy and very heavy exercise, the O 2 cost of exercise is higher for the exponential phase and the magnitude of the pVO 2 slow component is smaller in young children. Sex-related differences have been identified during heavy, but not moderate exercise, with prepubertal boys displaying a faster exponential phase II pVO 2 kinetic response and a smaller pVO 2 slow component compared with prepubertal girls. The mechanisms underlying these differences are currently poorly understood, and form the basis for future research in this area. However, it is hypothesized that an age-related modulation of the muscle phosphate feedback controllers to signal an increased rate of oxidative phosphorylation and/or altered muscle fiber type recruitment strategies have the potential to play an important role. Overall, the data support the view that at the onset of exercise children have an enhanced potential for oxidative metabolism in the myocyte compared with adults.
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The pulmonary oxygen uptake (pVO 2 ) kinetic response at the onset of exercise provides a noninvasive window into the metabolic activity of the muscle and a valuable means of increasing our understanding of developmental muscle metabolism. However, to date only limited research has been devoted to investigating the pVO 2 kinetic response during exercise in children and adolescents. From the rigorous studies that have been conducted, both age-and sex-related differences have been identified. Specifically, children display a faster exponential rise in the phase II pVO 2 kinetics, which are purported to reflect the rise in muscle O 2 consumption, during moderate, heavy and very heavy intensity exercise compared with adults. Furthermore, for heavy and very heavy exercise, the O 2 cost of exercise is higher for the exponential phase and the magnitude of the pVO 2 slow component is smaller in young children. Sex-related differences have been identified during heavy, but not moderate exercise, with prepubertal boys displaying a faster exponential phase II pVO 2 kinetic response and a smaller pVO 2 slow component compared with prepubertal girls. The mechanisms underlying these differences are currently poorly understood, and form the basis for future research in this area. However, it is hypothesized that an age-related modulation of the muscle phosphate feedback controllers to signal an increased rate of oxidative phosphorylation and/or altered muscle fiber type recruitment strategies have the potential to play an important role. Overall, the data support the view that at the onset of exercise children have an enhanced potential for oxidative metabolism in the myocyte compared with adults.
Pioneering muscle biopsy studies conducted in the 1970s (17) support the hypothesis that during exercise children posses a highly oxidative but attenuated anaerobic energetic response compared with older children or adults. However, due to ethical constraints there remains a distinct paucity of direct evidence concerning the interplay between aerobic and anaerobic energy metabolism during growth and maturation.
In adults it has been demonstrated that the study of pulmonary oxygen uptake (pVO 2 ) kinetics at the mouth following a "step" change in work-rate provides a noninvasive window into metabolic activity at the myocyte (28, 53) . Indeed, the pVO 2 kinetic response reveals valuable information concerning the mechanistic control of oxidative phosphorylation and is intimately related to the O 2 deficit (requirement for muscle phosphocreatine (PCr) breakdown and anaerobic glycolysis), and ultimately the ability to tolerate physical activity (33) . Documenting how the pVO 2 kinetic response is modulated during childhood and adolescence may be crucial to furthering our understanding of muscle metabolism during growth and maturation.
The purpose of this review is threefold: 1. to highlight recent evidence showing the pVO 2 kinetic response in children provides an insight into the metabolic activity at the muscle, and to raise the methodological issues that need to be considered when characterizing the pVO 2 profile to reflect this response, 2. to analyze the rigorously executed studies which formulate our present understanding of the influence of age and sex on the pVO 2 kinetic response during exercise, and, 3. to outline the physiological mechanisms that may underlie the changes in the pVO 2 kinetic response during growth and maturation. Before addressing these issues a brief overview of the pVO 2 kinetic response at the onset of exercise with reference to exercise intensity domains will be presented.
Oxygen Uptake Kinetics at the Mouth and Muscle
Figure 1a illustrates that following a "step" transition from rest to a higher metabolic rate the rise in O 2 consumption at the muscle (mVO 2 ) is immediate and follows a monoexponential time course during moderate intensity exercise (10) . During the non steady-state the association between mVO 2 and pVO 2 is distorted temporally, due to the muscle to lung transit delay time, and in magnitude due to the influence of body O 2 stores and a given arterial-venous blood O 2 difference being expressed at the lung with a higher cardiac output (Q) response (60, 62) . The consequence is that in contrast to mVO 2 , the pVO 2 response at the onset of exercise is modified from a simple monoexponential function to a response with three distinct phases (Figure 1b) . Phase I is termed the "cardiodynamic" region as the increase in pVO 2 is mediated by the rise in Q at the exercise onset and does not reflect tissue O 2 consumption (7, 67) . It is not until after the muscle-lung transit time that a reduced mixed venous O 2 content reaches the lungs, and, with the increasing Q response, drives the exponential rise (phase II) in pVO 2 to a new steady-state (phase III; Refs. 61, 62) . Despite this temporal dissociation between mVO 2 and pVO 2 at the onset of exercise, modeling simulations (7) and direct measurement of mVO 2 using the Fick technique during cycle exercise in adults (28) have demonstrated the kinetics of mVO 2 and phase II pVO 2 to cohere to within ±10%.
Exercise Intensity Domains
With reference to the characteristics of the muscle metabolic and blood acidbase profiles in adults, the kinetics of pVO 2 are classified into four exercise intensity domains (moderate, heavy, very heavy and severe), the boundaries of which are demarcated by specific parameters of physiological function (Figure 2 ; Refs. 58, 59) .
The moderate domain is defined as all exercise intensities that fall below the blood lactate threshold (LT) or its noninvasive equivalents, the gas exchange (GET) or ventilatory threshold (VT; 2,47). Within this domain pVO 2 rises, following phase I, with monoexponential kinetics and in a healthy adult attains a steady-state within approximately 3 min with an O 2 cost of exercise or 'gain' ( pVO 2 /W) of ~10 mL•min −1 •W −1 (45, 60) . For work rates above the LT but below peak pVO 2 , the exercise intensity domains are classified upon whether the increase in blood lactate stabilizes (heavy) or rises inexorably with time (very heavy). The upper boundary of the heavy domain is demarcated by the maximal lactate steady state (MLSS), which reflects the highest work-rate at which a balance between the appearance and removal of lactate within the blood is achieved (11, 66) , or the critical power (CP), that is, the asymptote of the hyperbolic relationship between power output and time to exhaustion (19, 49) . Within the heavy domain pVO 2 rises with exponential kinetics but is associated with a delayed and elevated increase in pVO 2 that can take up to 10-15 min to reach steady-state (8, 45) . This additional cost of pVO 2 represents a nonlinear increase in the workrate-pVO 2 relationship found during moderate intensity exercise such that the total "gain" increases to ~12-13 mL•min −1 •W −1 in adults (8, 45) . For exercise intensities above CP/MLSS but below peak pVO 2 (very heavy), the pVO 2 slow component rises rapidly with time and attains peak pVO 2 . The higher the projected exercise intensity is above CP/MLSS the lower the magnitude of the pVO 2 slow component, such that at work-rates circa peak pVO 2 the pVO 2 response follows a monoexponential function that is truncated at peak pVO 2 within minutes (45, 63) . Work-rates that require a projected pVO 2 at or above peak pVO 2 are classified as in the severe domain.
To enable meaningful comparisons of the pVO 2 kinetic profile during exercise therefore, it is imperative that careful consideration is given to the exercise intensity domain under investigation. For example, the prescription of arbitrary exercise intensity relative to peak pVO 2 (e.g., 60% peak pVO 2 ) may render some subjects exercising above, but others below their LT, as the LT (and VT) varies considerably as a percentage of peak pVO 2 (24, 52) . As the temporal-and amplitude-based characteristics of the pVO 2 responses are profoundly different within the moderate and heavy domains, this represents significant bias when interpreting the kinetics response parameters. Therefore, to ensure a similar pVO 2 profile during exercise, the prescribed exercise intensity should be assigned relative to the physiological variable(s) that identify the domain boundaries for each participant. 
Pulmonary Oxygen Uptake Kinetics in Children and Adolescents

Experimental and Methodological Considerations
High methodological rigor is required to characterize the pVO 2 response during exercise and this is especially the case in children. Compared with their adult counterparts, children are characterized by a significantly smaller absolute peak pVO 2 , which severely compresses the range of work-rates within a given exercise intensity domain. This is particularly true for prescribing exercise within the heavy and very-heavy exercise domains as the VT generally falls within the range of 55-60% peak pVO 2 in children below 14 y of age (24, 51) . Moreover, as the CP occurs at approximately 70-82% peak pVO 2 in 11-12 y old children (19) , this suggests that the absolute difference in work-rate between the LT and CP may, at least in some children, be so small in magnitude that it poses a significant challenge to the investigator to ensure a given subject is exercising within the heavy intensity domain. In addition to an inherently low pVO 2 amplitude, children are characterized by large interbreath fluctuations in their pVO 2 response profile (50), which results in a pVO 2 profile with low signal to noise properties. This has important consequences for a researcher seeking to quantify pVO 2 kinetics in young people as it is difficult to reliably identify the exponential rise during the nonsteady state (i.e., which is purported to reflect the adaptation of mVO 2 ) from the pVO 2 response. Moreover, it should be recognized that while modeling an exponential function on such a pVO 2 response with low signal to noise properties will yield a regression time constant (, time to attain 63% of the change in the pVO 2 ), its physiological relevance will be virtually meaningless due to the distortion of phase II of the response (37, 59) .
To reflect the underlying mVO 2 response from a pVO 2 profile characterized with low signal to noise properties requires the use of data filtering and data averaging techniques which effectively dampen the magnitude of the noise component. The underlying theoretical concepts and appropriate analytical techniques have been recently and comprehensively reviewed by Whipp and Rossiter (59) . A typical 3 phase model is illustrated in Figure 3 where the exponential rise in pVO 2 can be observed for a child subject (age 9 y) who, in accord with the methodology described by Whipp and Rossiter (59), completed 10 repeat exercise transitions to achieve a pVO 2 profile with a 95% confidence interval (CI) of ±5 s for the estimated  (25).
To provide an insight into metabolic activity at the muscle level, the exponential nature of the phase II pVO 2 response must be isolated and characterized using an appropriate model (28) . While it is apparent from Figure 3 that the 3 phase model proposed by Whipp et al. (61) is clearly discernable allowing the reliable identification of the phase II response in young people, it has remained an assumption that the exponential properties of phase II provide a faithful reflection of the mVO 2 dynamics in this population.
While direct evidence verifying a close relationship between the kinetics of phase II pVO 2 and mVO 2 in children is unavailable given the invasive nature of the Fick technique, a recent study provides indirect support that the underlying mVO 2 dynamics are faithfully reflected by the phase II pVO 2 response in young people. Using the noninvasive technique of 31 P-magnetic resonance spectroscopy ( 31 P-MRS), Barker et al. (4) determined the fall in quadriceps muscle PCr [considered a functional surrogate of mVO 2 ; Refs. 5, 41, 53] during knee extensor exercise and compared this to the rise in pVO 2 during cycle ergometry in 9-10 y old children. After accounting for phase I of the pVO 2 response, the phase II  closely corresponded to the muscle PCr  both at the onset (PCr 23 ± 5 vs. pVO 2 23 ± 4 s) and offset (PCr 28 ± 5 vs. pVO 2 29 ± 5 s) of exercise, with a dissociation of ± 4 s on average between the muscle PCr and pVO 2 responses on an individual basis. These data are in agreement with previous work in healthy adults showing a close relationship between the dynamics of muscle PCr and pVO 2 (5, 53) , and provide verification in healthy young children that the dynamics of phase II pVO 2 reflect the underlying muscle PCr, and by inference, the mVO 2 response.
Unfortunately, few studies investigating the pVO 2 kinetic response in children have extended these considerations into practice. It is not uncommon for studies to assign a given exercise intensity relative to peak pVO 2 alone (31,54), or to fail to repeat the necessary, or in some cases any, exercise transitions to yield a phase II  with an acceptable level of statistical confidence (1, 44) . Furthermore, the kinetic parameters of the pVO 2 response in the pediatric literature are rather convoluted due to the use of modeling techniques that fail to appropriately isolate and characterize the phase II pVO 2 response (1, 54, 69) . This questions the validity of any insight into the underlying metabolic response at the muscle. With these limitations in mind, the following discussion will focus on studies that display appropriate methodological rigor. (61) is clearly discernable from the pVO 2 profile and the phase II response can be modeled with appropriate statistical confidence.
Pulmonary Oxygen Uptake Kinetics During Moderate Exercise
In the first study to investigate the pVO 2 kinetics response in children at the onset of exercise, 7-10 y old children (5 boys, 5 girls) and 15-18 y old adolescents (5 boys, 5 girls) completed repeat exercise transitions to 75% GET on a cycle ergometer (14) . No differences were found for the phase II  between the younger and older boys, but slower pVO 2 kinetics were present in the older girls compared with the younger group. We reasoned this to be caused by the older girls' reduced aerobic fitness rather than an age-related modulation of the control of oxidative phosphorylation per se, as a significant negative relationship between the phase II  and peak pVO 2 (mL•kg −1 •min −1 ) was observed in this group. However, it should be recognized that there is strong evidence demonstrating that the 'per body mass' normalization technique of peak pVO 2 provides an inappropriate expression of aerobic fitness in young people (57) , which questions this latter interpretation. In a later study (55) , the same research group examined the influence of normoxic and hypoxic (15% O 2 ) breathing on the pVO 2 kinetics during moderate intensity cycling at 80% GET in 6-19 y old children (5 boys, 4 girls) and 18-33 y old adults (5 men, 4 women). No age-related differences in the phase II pVO 2  were observed during normoxic (children, 24 ± 5 vs. adults, 27 ± 4 s) or hypoxic (children, 30 ± 4 vs. adults, 37 ± 10 s) conditions. Furthermore, Williams et al. (65) investigated the pVO 2 kinetic response during treadmill running at 80% LT in eight 8-12 y old boys and eight adult men and found no significant differences in the phase II  despite a 50% dissociation between the groups (10 ± 3 vs. 15 ± 8 s). Interestingly, the boys were also characterized with a higher O 2 cost of exercise (239 vs. 168 mL•kg −1 •km −1 ) compared with men, which is consistent with previous data collected during cycling exercise (55) . An age-related decline in the 'gain' during moderate exercise indicates an enhanced capacity for oxidative phosphorylation in children but further evidence is required for confirmation of this hypothesis (9, 21) .
Collectively the results presented above appear to support the view that the phase II , and by inference the kinetics of mVO 2 , is fully mature in early childhood, at least for sub LT work-rates. To examine the strength of these findings, Fawkner et al. (25) investigated the pVO 2 kinetic response during moderate intensity (80% VT) cycling exercise in 11-12 y old children (12 boys, 11 girls) and 19-26 y old adults (13 men, 12 women). A novel feature of this study was that each subject was required to complete up to 10 repeat exercise transitions to ensure the 95% CIs spanning the estimated phase II pVO 2  were ≤ ±5 s. In contrast to earlier studies, a faster phase II pVO 2  in boys than men (19 ± 2 vs. 28 ± 9 s) and in girls than women (21 ± 6 vs. 26 ± 5 s) with no differences between the sexes was observed. The authors argued that the failure of previous studies to employ well defined subject groups, to apply appropriate modeling techniques, to fully embrace the appropriate averaging techniques, and to report the derived 95% CIs is likely to underlie the discrepancy between studies. Nevertheless, despite failing to reach statistical significance in their respective studies, perusal of Table 1 , which summarizes relevant studies, indicates that, consistent with Fawkner et al.'s (25) findings, on average the phase II pVO 2  appears to be more rapid in children compared with adolescents or adults by ~14% or 4 s for moderate intensity exercise. Rest-75% VT 
Pulmonary Oxygen Uptake Kinetics During Heavy and Very Heavy Exercise
Due to the profoundly different muscle metabolic (PCr, P i and pH), gas exchange and blood acid-base profiles during exercise below or above CP (35, 49) , the precise placement of a participant within the heavy or very heavy exercise domain is essential to enable meaningful interpretation of the pVO 2 response kinetics. This is particularly crucial as the magnitude of the pVO 2 slow component increases the higher the imposed work rate is above the LT but near CP/MLSS, and conversely, decreases the higher the imposed work-rate is above CP/MLSS but closer to peak pVO 2 (33) . Unfortunately, this consideration has yet to be fully accounted for in pediatric studies, likely due to the intense and time consuming nature associated with assessing CP or MLSS in this population. In an attempt to circumvent this problem, the delta () concept has been proposed to assign a given exercise intensity relative to the LT and peak pVO 2 . This is usually 40%  (i.e., pVO 2 that corresponds to 40% of the difference between the LT and peak pVO 2 ) for heavy exercise. Indeed, it has been demonstrated in 11-12 y old children (9 boys, 9 girls), that use of the 40%  concept resulted in the boys and girls exercising at an average intensity of 10% and 3% below their CP respectively (23) . Therefore, 40%  seems appropriate to prescribe heavy intensity exercise in groups or samples of children or adolescents. However, as on an individual basis there is considerable variation in the relative position of CP to peak pVO 2 (ranging from 70 to 88%), and that the CP has been shown to occur at a higher percentage peak pVO 2 in boys compared with girls (82 vs. 76%; Ref. 22) , the use of the '' concept is less secure on an individual basis.
In a 2 y longitudinal study, Fawkner and Armstrong (20) examined the pVO 2 kinetic response during cycling exercise at 40%  for 9 min in a group of 22 prepubertal children (13 boys, 9 girls). Compared with baseline, the phase II pVO 2  was significantly longer at the 2 y follow-up in both the boys (17 ± 5 vs. 22 ± 5 s) and girls (21 ± 8 vs. 26 ± 8 s). In contrast to earlier work (1), a pVO 2 slow component was clearly discernable in the response profile and increased in amplitude, expressed as a percentage of end-exercise pVO 2 , over the 2 y period in the boys (9 ± 5 vs. 14 ± 5%) and girls (10 ± 2 vs. 16 ± 3%). An age-related decrease in the O 2 cost of exercise (i.e., lower "gain") was also present for the primary exponential phase over the 2 y period, but not at end-exercise. Collectively, these findings are illustrated in Figure 4 . No sex differences were observed in the pVO 2 kinetic response either at baseline or at follow-up during the 2 y longitudinal study although a trend for a faster phase II  and a truncated slow component was evident in the boys (20) . Therefore, to further investigate the possibility of sex-related differences in the pVO 2 kinetic response, 48 prepubertal children (25 boys, 23 girls) completed 4 repeat transitions to 40%  for 9 min on a cycle ergometer (22) . Compared with the boys, the girls were characterized by slower phase II pVO 2 kinetics (~20%) and a greater relative contribution of the pVO 2 slow component to the end-exercise pVO 2 (~30%).
Consistent with an age-related modulation of the pVO 2 kinetic response during heavy/very heavy exercise, Williams et al. (65) 
Pulmonary Oxygen Uptake Kinetics During Severe Exercise
Hebestreit et al. (31) investigated the kinetics of pVO 2 at the onset of cycling exercise to 100% and 130% peak pVO 2 in 9 boys (9-12 y) and 8 men (19-27 y). Due to the maximal nature of the exercise protocol, pVO 2 data were collected for only 120 s and 75 s in the 100% and 130% peak pVO 2 tests respectively. Interestingly, while 7 of the boys were able to achieve the latter, only 2 men were able to accomplish 75 s of exercise at 130% peak pVO 2 . Despite this, no age-related differences were observed for the phase II pVO 2  for either condition, suggesting the reduced ability to tolerate exercise at 130% peak pVO 2 was not mediated by an impaired pVO 2 kinetic response. However, boys were found to have a higher "gain" when cycling at 100% (10.4 vs. 8.3 mL•min −1 •W −1 ) and 130% (8.6 vs. 6.6 mL•min −1 •W −1 ) peak pVO 2 compared with the men.
Recovery of Pulmonary Oxygen Uptake Following Exercise
It has recently been demonstrated that the recovery kinetics of pVO 2 following a bout of moderate cycling exercise is temporally correlated with the resynthesis of quadriceps muscle PCr in 9-10 y old children (4) . Given that the recovery kinetics of muscle PCr are routinely used as a valid and noninvasive measure of the muscles' oxidative capacity (46) , the authors concluded that the pVO 2 could act as a surrogate of the muscle PCr dynamics thereby providing further insight into the oxidative capacity of the muscle. However, to our knowledge only a single study has investigated the influence of age on the kinetics of pVO 2 at the offset of exercise. Zanconato et al. (69) examined the recovery kinetics of pVO 2 in 7-11 y old children (6 boys, 4 girls) and 26-42 y old adults (10 men, 3 female) following a 1 min bout of exercise at 80% VT, 50% , and 100 and 125% peak pVO 2 . Only during the recovery from 125% peak pVO 2 was there a significant child-adult difference in the recovery  (~35 vs. ~54 s, respectively). While one may conclude from these data that the recovery kinetics of pVO 2 and by inference the muscles' oxidative capacity, is fully mature in 7-11 y old children, these results are limited by the fact that each subject only completed a single transition at each intensity, and that only 1 min of exercise was completed before the recovery period, meaning that the children and adults were unlikely to be recovering from a similar metabolic stress.
Physiological Interpretation
The available evidence indicates that compared with older children or adults, young children are characterized by a faster phase II  for moderate, heavy and very heavy exercise, but not for severe exercise. However, similar to evidence on the recovery of pVO 2 following exercise, which implies  may be age invariant, the severe exercise domain has received little rigorous investigation and current data require confirmation with further research. Furthermore, during exercise within the heavy/very heavy domains, the magnitude of the pVO 2 slow component is reduced and the phase II "gain" is higher in young people. A key question remains however: what is(are) the physiological mechanism(s) responsible for modulating the pVO 2 kinetic response and do they vary from childhood through adolescence into adult life? Unfortunately, due to the ethical restrictions of subjecting young people to the invasive techniques (e.g., muscle biopsy) which are required to correlate muscle metabolic parameters and fiber type distribution with the underlying pVO 2 profile only limited evidence is available. Nonetheless, by incorporating models of metabolic control derived from animal and adult data, we will synthesize the evidence available on pediatric muscle metabolism and explore mechanisms that potentially play an important role in modulating the pVO 2 kinetic response during growth and maturation.
There is strong evidence to suggest that at the onset of exercise the rise in mVO 2 is principally controlled via the intracellular processes involved in adjusting the rate of oxidative metabolism during a rest to exercise transition (16, 27, 63) . A mechanism that has received both theoretical and experimental support is that the rise in mVO 2 is under metabolic feedback control linked to the product(s) and/ or reactant(s) involved in the creatine kinase splitting of muscle PCr (36, 42, 56) . Indeed, such a hypothesis is supported by experimental data collected from humans, whereby a close kinetic coupling between the kinetic fall in muscle PCr and the rise in phase II pVO 2 at the onset of moderate intensity exercise has been demonstrated in peri-pubertal children (4) and adults (5, 53) .
Given the above, it appears reasonable to postulate that an age-related modulation of the putative metabolic feedback controllers of oxidative phosphorylation may underlie the faster phase II pVO 2 kinetics in children compared with adolescents or adults. A recent modeling simulation identified that the change in muscle PCr from rest to exercise ( PCr) is the fundamental parameter determining the rise in mVO 2 during moderate intensity exercise, and this is modulated by factors such as the muscle mitochondrial content and resting total creatine (38) . A logical hypothesis therefore, is that the faster phase II pVO 2 kinetics in children may be related to a lower breakdown of muscle PCr from rest to steady-state exercise, which in turn is related to an enhanced oxidative enzymatic profile or mitochondrial density and/or a reduced resting concentration of total creatine in the myocyte when compared with adults (38) .
Consistent with this hypothesis are the data of Haralambie (29) who found significantly higher oxidative enzyme activity (lipoamide dehydrogenase, isocitrate dehydrogenase, fumarase, and malate dehydrogenase) in the vastus lateralis muscle of 13-15 y old adolescents compared with adults. Likewise, Berg et al. (13) noted a significant decline in the activity of the fumarase enzyme with age in pre-circum-and postpubertal children. However, Bell et al. (12) found no appreciable differences in the relative density of mitochondria in the vastus lateralis muscle of 6 y old boys and girls when compared with the data of young adults taken from an earlier study. There are data which document that resting rectus femoris muscle PCr stores in children progressively increase between the ages of 11-16 y (18), whereas it has also been reported that resting muscle PCr concentrations in the triceps surae muscle are age-invariant in 8-13 y old children and young adults (26) . Taken collectively, however, the data suggest that an enhanced enzymatic profile and/or reduced resting total creatine concentration (as inferred from muscle PCr) might be responsible for accelerating the phase II  in children compared with adults by modulating the kinetics of muscle PCr or steady-state PCr signal.
An interesting phenomenon observed during heavy/very heavy exercise is that although the end exercise 'gain' and therefore the energetic cost of exercise is similar between young and older children, the characteristics of the pVO 2 response to achieve this are profoundly different (see Figure 4) . In particular, younger children have more rapid pVO 2 kinetics and attain a higher proportion of the endexercise pVO 2 during the primary exponential phase compared with older children, such that the magnitude of the pVO 2 slow component is substantially reduced.
Such response characteristics are strikingly similar to studies that have investigated the relationship between muscle fiber type distribution and the kinetics of pVO 2 during exercise in adults (6, 51) . Specifically, the magnitude of the pVO 2 slow component is negatively related to the percentage of type I muscle fibers during heavy and very heavy cycling exercise and with the phase II  for heavy exercise. In addition, evidence from animal studies indicates that muscle with a high proportion of type I muscle fibers has a faster  for mVO 2 and PCr at the onset of exercise (15, 40) . Indeed it is known that compared with type II muscle fibers, type I fibers have a greater activity of oxidative enzymes and a greater mitochondrial content which may explain the more rapid mVO 2 and PCr  in type I muscle fibers (38) . Poole et al. (48) demonstrated that ~86% of the magnitude of the pVO 2 slow component was accounted for at the contracting muscle. A consistent proposal is that the recruitment of higher-order type II muscle fibers, either at the onset of exercise and/or progressively during the exercise bout, underlies this phenomenon which is intimately related to the fatigue processes occurring within the myocyte (6, 39, 64) . For example, hyperoxic gas inspiration and exercise training both result in a truncated pVO 2 or PCr slow component with a contaminant reduction in the fatigue inducing metabolites such as P i and H + (30, 34, 63) . Interestingly, Mizuno et al. (43) found that during incremental forearm exercise, the increase in P i /PCr, P i and fall in pH were associated with a reduced expression of type I muscle fibers. It is pertinent to note therefore, that 31 P-MRS data collected during high intensity plantar flexor exercise reveal that the fall in muscle PCr and pH and rise in P i is less pronounced in young children compared with adults (68) . It is important to recognize that such an attenuated accumulation of the fatigue inducing P i and H + during high intensity exercise in children may alleviate or delay the requirement to recruit additional less-efficient type II muscle fibers during exercise, which in turn may be related to the smaller pVO 2 slow component often found in young children compared with older children or adults.
Given the above, it could be hypothesized therefore, that an age-related decline in the expression of type I muscle fibers and their associated metabolic properties for oxidative metabolism may underpin, at least in part, the altered pVO 2 kinetic response (i.e., faster phase II  and smaller slow component) in young children compared with older children and adults. Consistent with this notion is a comprehensive critical review (32) which concludes that from the age of 10 y the percentage of type I fibers is ~58% which decreases to ~48% circa 20 y of age in boys, whereas over a similar time frame the trend is less clear in girls (~52-50%). Interestingly, these data also suggest that at 10 y of age, boys have ~10% higher type I fiber distribution than girls which may help to explain the sex differences during heavy exercise observed by Fawkner and Armstrong (22) . However, for such a hypothesis to have scientific merit this requires confirmation through well designed experimental studies that alter muscle fiber recruitment strategies in a child-friendly non invasive manner. For example, research groups have used work-work exercise transitions (64) or manipulations to pedal cadence (6) in an attempt to examine the influence that muscle fiber type recruitment patterns have on the pVO 2 kinetic profile.
Conclusion
Recent experimental evidence has demonstrated that characterization of the pVO 2 kinetic response at the onset and offset of exercise provides a close reflection of the underlying muscle metabolic response in young people. Despite the paucity of rigorous studies available, there is compelling evidence in support of the phase II pVO 2  becoming progressively longer (i.e., slower kinetics) and the magnitude of the slow component becoming greater during the transition from childhood to adulthood. The mechanisms underlying these differences in metabolic control at exercise onset are poorly understood but may reside in an age-related modulation of the putative feedback controllers of oxidative phosphorylation and/or altered muscle fiber type recruitment strategies. pVO 2 kinetic responses are consistent with the notion that children have an enhanced oxidative but attenuated anaerobic energy transfer (breakdown of muscle PCr, increase in P i and fall in pH) during exercise compared with adults.
The task now is for researchers to build on the current foundation of knowledge by conducting experimentally robust studies not only to elucidate the influence age, sex and maturation have on the pVO 2 kinetic response during exercise, but also to investigate how the pVO 2 kinetic response is modulated by disease and exercise training in young people, and, crucially, to identify the underpinning physiological mechanisms.
